In this paper, individual effects of quenching rate and pressure of metal vapor on fume formation process were investigated through experimental observation with the equipment which enables to produce a simple one-dimensional arc plasma stream and to discuss both effects individually and numerical simulation. Consequently, it was clarified that high pressure of metal vapor enlarged size of fume particles. In addition, it was also found that high quenching rate generated large amount of particles because much more metal vapor was consumed by homogeneous nucleation. As a result, typical particle shape becomes like chain.
Introduction
In arc welding, high temperature metal vapor is generated from the melting tip of a welding wire, a droplet and a weld pool 1) . This metal vapor is cooled rapidly during diffusion to surroundings of the arc. Then primary particles of metal with 1nm~100nm in those sizes are formed through the nucleation from the metal vapor. Furthermore, a part of those particles condense and produce secondary particles with over 1 m maximum in sizes. The particles form smoke which ascends from the arc and this phenomenon is called fume in welding 2) . It is indispensable to clarify fume formation mechanism is absolutely imperative for reduction and harmless of fume to improve welding environment.
Until now, most of papers show chemical composition and generation rate of the fume in comparison with welding conditions for the gas metal arc (GMA) welding because of high utilization at various manufacturing industries in the world [2] [3] [4] .
However, it is hardly investigated that individual effects of chemical composition of fume, quenching rate, pressure of metal vapor etc. on fume formation process because of difficulty of experiment.
It is well known that experimental observation of fume formation process in arc welding is difficult because that occurs typically in significantly small region with the size of about 1~2cm. For this observation, we have developed the equipment which enables to produce a simple one-dimensional arc plasma stream. In this equipment, raw material for fume is evaporated in upstream region and fume formation occurs in downstream region. Consequently size of the fume formation region is expanded up to 10~20cm. This equipment enables also to measure more correct temperature and flow velocity and to collect and observe fume of each growing phase. In this paper, individual effects of quenching rate and pressure of metal vapor on fume formation process were investigated through experimental observation with the this equipment that enables to discuss both effects individually and also numerical simulation. Furthermore, fume formation conditions shown in Table 1 are determined from those results. The fume produced in the downstream region is collected and observed with TEM or SEM.
Simulation model
We used a formation model that the fume is generated from metal vapor by the arc. As the process of nanoparticle formation, the assumptions 1~5 are employed.
1. The formation of supersaturation of the metal vapor by cooling.
2. The formation of the primary particle by the homogeneous nucleation.
3. The growth of the primary particle by the heterogeneous condensation.
4. The formation of the secondary particle by the coagulation.
5. The growth of the secondary particle by the heterogeneous condensation and the coagulation.
Homogeneous nucleation model of primary particle
In theory, the homogeneous nucleation can arise if the degree of supersaturation exceeds 1. It is assumed that the nucleus with a critical diameter d p is created due to the nucleation. It is the smallest nucleus's diameter which there can be a nucleus stably, and is represented by equation (1) S kT
where σ is surface tension, v m is volume of the liquid molecule, k is the Boltzmann constant, S is degree of supersaturation. In addition, in this paper, we referred to a Friendlander's liquid-drop model assuming that all the generated nucleus are in a liquid phase. The frequency of Brownian collisions between i-mers and j-mers βij is represented by the equation (2) 5) .
Where ρ is mass density Because a collision between vapor molecules is assumed in this simulation, i and j are set to be 1.
These equations can be applied when Knudsen number is more than 10. The homogeneous nucleation rate J which is the number of nuclei generated per unit volume and unit time is written as 
Heterogeneous condensation model of primary particle
When the particle growth is governed by the condensation of the vapor, an equation for the growth rate G expressed below can be obtained from a material balance over the growing particle 6) .
Where J m is the mass flux of the condensable vapor, M is mass of molecular, and ρ c is the molar density of the condensed phase.
Because of the very small size of stable condensation nuclei, the Knudsen effect could play a meaningful role during their growth and should be accounted for in calculation of the mass flux. J m is expressed by equation (7) 
Where Kn is the Knudsen number defined as ) 2 / /(a Kn , λ is the mean free path of molecules of the condensing vapor. J k calculated with equation (8) is the net flux of the vapor to the particle surface in the free molecular regime and comes from the kinetic theory.
Where ρ g is the molar density of the gas phase, 
Coagulation model of secondary particle
If the generation rate of the monomer is high, and the saturation pressure of that is low, the degree of supersaturation becomes high. Therefore, it is considered that since there is little evaporation of the monomer from the particle, the growth process is irreversible. In this case, because of the number density of the particle increases, the particle grows up by not only condensation but also coagulation caused by the collision between particles. In this study, the coagulation process is also modeled. The calculation method is described as follows. The size of the simulation domain for the coagulation model is defined by the number density of primary particle obtained from the primary particle model. There can be particles up to 200 in the domain.
The three dimensional number density of the particle determined by the primary particle model is converted into the two dimensional number density for time shortening. First, when a nucleation occurs, a particle (nucleus) is posted at a random position in the domain and given an initial velocity V TH with a random direction. V TH is determined from the thermal velocity calculated from the surrounding plasma temperature. The sum of the momentums is conserved through a particle collision. A chemical reaction is ignored at the time of the coagulation. If particles collide, they fuse into one spherical particle or attach each other like a chain shape depending on their melting point. Table 1 shows three conditions determined by the experiments.
Results and discussion

Experimental results
We investigated effects of metal vapor pressure by comparison between condition1 and condition2 and effects of quenching rate by comparison between condition2 and condition3. Fig.2 shows fume shapes which were collected at the lower end of cylinder.
Average sizes of primary particles of fume were approximately 14.2nm in condition1, 4.5nm in condition2 and 58nm in condition3, respectively. Comparison between condition1 and condition2 showed that the average particle size increased for higher metal vapor pressure. In addition, comparison between condition2 and condition3 showed that the average particle size greatly increased and the fume shape was not like a chain for lower quenching rate (in condition3).
For discussion on the later result, equation (3) is employed. J is typically lower for lower quenching rate, because S that is the degree of supersaturation becomes lower. The lower J leads decrease in the number of nucleated particles. Consequently, the primary particles become larger because larger amount of the metal vapor is consumed by condensation rather than that by the nucleation. Furthermore, collision frequency between particles also decreases for lower quenching rate since small number of the particles. As a result, it is considered that fume shape doesn't become like chains. However, it can't be concluded that the quenching rate primarily dominates fume shape, because raw material of fume is different between condition2 and 3. 
Simulation results
For investigating influence of the quenching rate observed in the experiment, numerical simulation was also conducted. The detail of the simulation model is described in the reference 8) .
Firstly, the simulation was conducted for the conditions in Table1. Table 2 shows comparison of particle diameters. Fig.3 shows the simulation results on typical fume shape in each condition. It was found that fume shapes and particle diameters obtained from the simulation results are similar to the experimental results. Thus, validity of fume formation simulation model was confirmed.
Then, the condition4 (material:Fe, metal vapor pressure:58(Pa), quenching rate: 1.47E+04 K/sec) was also simulated in order to investigate effect of quenching rate. In the condition4 only the quenching rate is lower than that of condition2 and the other conditions are the same as those of condition2. It is difficult to realize condition4 in the experiment. So condition4 was applied only to the simulation. Fig.4 shows typical fume shape for the condition2 and condition4. It is obvious that particle size for condition4 was larger and not that like chains. As a result, it was found that for lower quenching rate larger particle tend to be produced and fume shape doesn't become like chains. 3. It was clarified that high quenching rate generated large amount of particles. So, metal vapor was consumed mainly by homogeneous nucleation. As a result, typical particle shape becomes like chain.
